ABSTRACT: Alginates isolated from Sargassum vulgare, present a strong antitumor activity, associated with kidney reversible damage, as analysed by histopathology of treated animals. In the present study, the renal alteration mechanisms of S. vulgare alginates were investigated using the isolated perfused rat kidney and the isolated perfused rat mesenteric blood vessel methods. The results showed that the effects of Sargassum vulgare low viscosity (SVLV) alginate were more potent than those of Sargassum vulgare high viscosity (SVHV) alginate in the isolated rat kidney. The SVLV alginate caused considerable changes in renal physiology, as shown by an increase in parameters such as perfusion pressure, renal vascular resistance, glomerular filtration rate, urinary flow and sodium, potassium and chloride excretion and by reduction of chloride tubular transport. The effects of SVHV were weaker than those of SVLV. The effects of SVLV on kidney could be related to direct vascular action as demonstrated with SVLV alginate on mesenteric blood vessels. In conclusion, the Sargassum vulgare alginate altered the renal function parameters evaluated. S. vulgare low viscosity alginate renal effects were more potent than S. vulgare high viscosity alginate. It is suggested that physicochemical differences between SVHV and SVLV could explain the differences found in the results.
Introduction
Seaweeds have caused an emerging interest in the biomedical area due to their content of pharmacologically bioactive substances with great chances for use against bacteria, viruses, other pathogens and tumors (Blunden, 1993; Ireland et al., 1993; Smit, 2004) . Of the substances that have received the most attention from pharmaceutical companies for the development of new drugs are the sulfated polysaccharides (antitumors and antivirals), the halogenated furanones (antifouling compounds) and the kahalalide F (anticancer and anti-AIDS compounds) (reviewed by Smit, 2004) .
On the other hand, alginates have been extracted from seaweed for many years mainly for industrial purposes, being used as food additives in order to change and stabilize the texture of some foods. Alginates are polysaccharides composed mainly of linear polymers of 1→4-β-D mannuronic (M) and α-L-guluronic acids differing in the proportions and in the linear arrangements. They possess the ability to form gel and to stabilize aqueous mixtures and emulsions (Moe et al., 1995) . In the medical arena, the interest in alginates has shown a significant increase in the past decade. These molecules are already used in the microencapsulation of hormone-producing cells in the treatment of diabetes mellitus and parathyroid disease (Darquy and Sun, 1987; Fan et al., 1990) and they are also amongst the most popular carriers employed for the purpose of drug encapsulation (Pandey et al., 2005) .
According to several authors, alginates present low toxicity, favorable mechanical properties and the capacity for bioresorption of the constituent materials, features that make them potential biopolymers suitable for the development of controlled-release systems (Lai et al., 2003) . However, studies on alginate toxicity remain scanty. Most of them focus on the ability of these compounds to enhance host defenses and to prevent toxicity induced by other chemicals (Broderick et al., 2006; Mitsuhashi et al., 2006; Leung et al., 2006) .
Recently, the anti-tumor activity has been demonstrated of two alginates with different viscosities extracted from the brown seaweed Sargassum vulgare C. Agardh against sarcoma 180 cells transplanted in mice. The histopathological analysis of the kidneys removed from treated animals showed acute tubular necrosis, suggesting an intrinsic nephrotoxicity associated with alginate treatment (Sousa et al., 2007) . Thus, the aim of the present work was to investigate the nephrotoxicological mechanisms of S. vulgare alginates using the isolated perfused rat kidney and the isolated perfused rat mesenteric blood vessel methods.
Material and Methods

Extraction and Purification of Alginates
Specimens of the brown seaweed S. vulgare were collected in August 2004 on the Atlantic coast of Brazil (Pacheco Beach, Caucaia, Ceará), cleaned of epiphytes, washed in distilled water and stored at −20°C. Alginates were extracted according to the method of Calumpong et al. (1999) with some modifications. The dried algae (300 g) were extracted at 60°C, fixed in 2% formaldehyde for 24 h, and then washed in water. The thalli were put into 0.2 N HCl for 24 h and washed again in water before extraction with 2% sodium carbonate. This mixture was homogenized, incubated in a water bath under continuous stirring at a temperature of 60°C and then two samples were collected after 1 h and 5 h incubation. Crude extracts were collected after the centrifugation of these solutions whose precipitates were discarded, and then they were precipitated by the addition of ethanol in order to obtain the alginate fractions. These fractions were washed twice in acetone and dried. The intrinsic viscosities of the two samples obtained were comparatively analysed, and the alginates obtained after 1 h and 5 h incubation were named SVLV (S. vulgare low viscosity) and SVHV (S. vulgare high viscosity), respectively. The alginate fractions (SVLV and SVHV) were purified after dissolving them in distilled water, followed by an ethanol precipitation. The precipitates were then washed twice in acetone and dried.
The SVLV and SVHV alginates were physicochemically characterized by Torres (2003) . The intrinsic viscosity of SVLV alginate was 5.26 dl g −1 while that of SVHV was 9.10 dl g −1 . The alginates presented different molecular masses, being 19.3 × 10 4 g mol −1 for SVLV and 24.8 × 10 4 g mol −1 for SVHV. 1 H NMR spectra showed that the SVLV alginate possessed features of a high mannuronic acid (M blocks) content, while that of SVHV was shown to be of an intermediary kind (MG blocks). The SVLV alginate showed a higher proportion of M/G (1.38) than the SVHV alginate (1.04).
Isolated Perfused Rat Mesenteric Blood Vessels Method
The mesenteric bed was perfused following the description of McGregor (1965) . Wistar rats, weighing 280-350 g, were anesthetized with sodium pentobarbitone (50 mg kg −1 body weight). After opening the abdomen, the pancreatic-duodenal, ileum-colic and colic branches of the superior mesenteric artery were tied. The superior mesenteric artery was cleaned from surrounding tissues and cannulated by a polyethylene tube (PE20). The intestine was separated from the mesenteric bed by cutting close to the intestinal border. The mesenteric bed was perfused with Krebs-Henseleit solution containing: 114.0 mM NaCl; 4.96 mM KCl; 1.24 mM KH 2 PO 4 .H 2 O; 0.5 mM MgSO 4 .7H 2 O; 25.0 mM NaHCO 3 ; 2.10 mM CaCl 2 .2H 2 O; and 3.60 mM glucose. The perfusion solution was kept warm at 37°C and the mesenteric bed was perfused at a constant perfusion pressure (PP) between 20 and 30 min, while the variable perfusion pressure was measured by means of a P23 Statham pressure transducer (Gould, Oxnard, CA, USA) and recorded continuously on a DMP-4B Narco Bio-Systems Physiograph (Houston, TX, USA). The direct vascular effects of SVHV and SVLV (10 μg ml −1 min
; n = 4) were examined and also evaluated for their effects on mesenteric beds previously precontracted with phenylephrine (1-5 μM; to achievẽ 40-60% maximal response).
Kidney Perfusion
Adult male Wistar rats (260-320 g) were fasted for 24 h with free access to water. The rats were anesthetized with sodium pentobarbitone (50 mg kg −1 , i.p.). After careful dissection of the right kidney, the right renal artery was cannulated via the mesenteric artery without interrupting the blood flow as described by Bowman (1970) and modified by Fonteles et al. (1983) . The perfusate consisted of a modified Krebs-Henseleit solution (MKHS) of the following composition (in mmol l −1 ): 118.0 NaCl, 1.2 KCl, 1.18 KH 2 PO 4 , 1.18 MgSO 4 .7H 2 O, 2.50 CaCl 2 and 25.0 NaHCO 3 . Six grams of bovine serum albumin (BSA) was added to 100 mL of MKHS, and dialysed for 48 h at 4°C against 10 volumes of MKHS. Immediately before the beginning of each perfusion protocol, 100 mg urea, 50 mg inulin and 50 mg glucose were added to every 100 ml of perfusate and the pH was adjusted to 7.4. In each experiment 100 ml of MKHS was recirculated for 120 min. An initial period of 20 min was allowed for blood washout. The perfusion pressure (PP) was measured at the tip of the stainless steel cannula in the renal artery. Samples of urine and perfusate were collected at 10 min intervals for analysis of sodium and potassium level by flame photometry; inulin, as described by Walser et al. (1955) and modified by Fonteles et al. (1983) ; and osmolality, which was measured in a vapor pressure osmometer (Wescor 5100C, USA).
The chloride analysis was carried out using a LabTest kit. SLHV (10 μg ml ) and SVLV (10 μg ml −1 ) isolated from Sargassum vulgare was added to the system 30 min , urinary flow (UF) and renal vascular resistance (RVR) were determined using conventional clearance formulas described in detail elsewhere (MartinezMaldonado and Opava-Stitzer, 1978) .
Statistical Analysis
The results of both experiments are shown as the mean ± SEM of four experiments for each group. Differences between groups were compared by using Student's t-test (non-parametric test) or analysis of variance (ANOVA) followed by Bonferroni test with significance set at 5%.
Results
Mesenteric Blood Vessel Effects
The SVHV alginate neither affected the basal perfusion pressure nor interfered with the phenylephrine precontracted mesenteric vascular beds after 50 min of constant infusion. On the other hand, the SVLV alginate led to a basal pressure increase; however, it did not interfere with the phenylephrine precontracted mesenteric vascular bed after 50 min of constant infusion (Fig. 1) .
Renal Effects
The SVHV alginate increased the perfusion pressure at 120 min, and the renal vascular resistance at 90 and 120 min (Fig. 2) . The glomerular filtration rate was also increased at 90 min, but no alterations in urinary flow ) and S. vulgare high viscosity (SVHV; 10 μg ml −1 ) on perfusion pressure (PP; a) and renal vascular resistance (RVR; b). Statistical analyses were done by ANOVA, compared with a control group * P < 0.05. a Comparison between SVLV group and SVHV group. Data are expressed as mean ± SEM from six different animals. Statistical analysis was determined by analysis of variance (ANOVA) and corrected by Bonferroni test were observed (Fig. 3) . The percentage of chloride tubular transport was reduced after 90 min, while sodium and potassium tubular transport showed no alterations (Fig. 4) . Sodium and chloride excretion increased at 120 and 90 min, respectively (Fig. 5) .
On the other hand, the SVLV alginate showed stronger effects in all analysed parameters. It increased the perfusion pressure at 60, 90 and 120 min, the renal vascular resistance, the glomerular filtration rate and the urinary flow at 90 and 120 min (Fig. 3) . The percentage of chloride tubular transport was reduced at 60, 90 and 120 min, but sodium and potassium tubular transport showed no alterations (Fig. 4) . Sodium, potassium and chloride excretion increased at 60, 90 and 120 min (Fig. 5) .
Discussion
Alginates isolated from Sargassum species have been studied in the past few decades as new anticancer compounds using different animal tumors (Fujihara et al., 1984; Fujihara and Nagumo, 1992; 1993; Sousa et al., 2007) . This activity seemed to be related to their immunostimulant properties, since these molecules have no direct cytotoxic activity; moreover they led to an enlargement of the white pulp of the spleen of treated animals (Sousa et al., 2007) . In fact, there is a consensus that polysaccharides act as biological response modifiers, possessing promising immunomodulatory properties (Ooi and Liu, 2000; Leung et al., 2006) .
Studies on the pharmacokinetics of alginates remain scanty, and there are no data about acute intoxication with S. vulgare. According to Hagen et al. (1996) , sodium alginates were not absorbed following in vivo oral administration, while the bioavailability of alginates was approximately 44% following i.p. administration and lower than 5% following subcutaneous administration. However, in a previous work the antitumor activity of oral or i.p. Sargassum vulgare alginates (SVLV and SVHV) was demonstrated, suggesting that these molecules are in fact absorbed despite the route of administration (Sousa et al., 2007) . In the anticancer studies, the doses used were 50 and 100 mg m , giving about 200 and 400 μg/animal. The idea in the present paper was to test the highest possible concentration. Thus, 100 μg ml −1 was used first (which is compatible to more than 50% absorption, considering a total blood volume around 10% of the total body weight) but the effect was too strong, and it was impossible to analyse data for SVLV, so it was decided to reduce the concentration 10 times.
Concerning the toxicological aspects of alginate treatment, as mentioned before, it was observed that the kidney could be considered as a target organ in the toxicity of these compounds (Sousa et al., 2007) . Thus, in the present study, the renal effects of alginates (SVLV and SVLV) isolated from S. vulgare were assessed using isolated rat kidneys, and it was also verified whether the effects observed on the kidney could be related to vascular alterations.
The results pointed out that SVLV alginate effects were more potent than those of SVHV alginate in isolated rat kidney. SVLV presents a typical change in renal function due to an increase in vascular pressure in glomerular capillaries, increasing PP, RVR, GFR, UF and sodium, potassium and chloride excretion and reducing chloride tubular transport. Otherwise, the effects of SVHV were different probably due a modification in tubular function and/or in the renal handling of water.
These data corroborate previous studies based on morphological and histopathological analyses of the kidneys from both SVLV and SVHV treated animals. Treated animals showed several degrees of hydropic changes and vacuolization of the cytoplasm of proximal tubular epithelium and glomerular and tubular hemorrhage, but only in the kidney removed from SVLVtreated animals, were the cells lining the tubules necrotic (Sousa et al., 2007) . Thus, SVLV could be considered more toxic to the kidney also in vivo.
The present data also suggested that the effects of SVLV on kidney could be related to direct vascular effects as demonstrated by the SVLV alginate action in mesenteric blood vessel. This may be due to a similar mechanism in these tissues.
Many authors have discussed the influence of the content of D-mannuronic and L-guluronic acid in alginates in blocking biological antitumor activity (Fujiihara and Nagumo, 1992; 1993; Sousa et al., 2007) . The SVLV alginate showed a higher proportion of M/G (1.38) than the SVHV (1.04). The SVHV alginate showed fractions of F GGG = 0.214; F MM+MG = 0.667; F GGM+MGM = 0.118, while the SVLV alginate showed fractions with F MM = 0.6 and F GGG = 0.4, and GGM and MGM fractions were not observed (Torres, 2003) . Panikkar and Brasch (1996) proposed a classification system with three kinds of alginates based on the monomer composition: alginates with 'high M blocks content' (where F M is greater than or equal to 0.7); alginates with 'high G blocks content' (F M is less than or equal to 0.6) and intermediate alginates possessing MG blocks (F M between 0.6 and 0.7). Based only on this classification system, the SVHV is an alginate of intermediate type (0.67), while the SVLV (0.6) is similar to a high G block content one. However, the block structure particular to SVLV represented a high content of mannuronic acid in opposition to the classification of Panikkar and Brasch (1996) . In conclusion, the S. vulgare alginate altered the renal function parameters evaluated. The S. vulgare low viscosity alginate renal effects were more potent than S. vulgare high viscosity alginate. It is suggested that physicochemical differences between SVHV and SVLV possibly could explain the differences found in the results.
